Owing to the persistence of tuberculosis (TB) as well as the emergence of multidrug-resistant and extensively drug-resistant (XDR) forms of the disease, the development of new antitubercular drugs is crucial. Developing inhibitors of shikimate kinase (SK) in the shikimate pathway will provide a selective target for antitubercular agents. Many studies have used in silico technology to identify compounds that are anticipated to interact with and inhibit SK. To a much more limited extent, SK inhibition has been evaluated by in vitro methods with purified enzyme. Currently, there are no data on in vivo activity of Mycobacterium tuberculosis shikimate kinase (MtSK) inhibitors available in the literature. In this review, we present a summary of the progress of SK inhibitor discovery and evaluation with particular attention toward development of new antitubercular agents.
Introduction
Tuberculosis (TB) remains a global health concern, with about 8.6 million cases in 2012. 1 WHO also estimated that there were 450,000 cases of multidrug-resistant tuberculosis (MDR-TB) in 2012 compared to 62,000 cases in 2011. 1 Of the diagnoses in 2012, 9.6% of these cases estimated to be extensively drug-resistant tuberculosis (XDR-TB). 1 With the growing number of MDR-TB and XDR-TB cases, there is a need for the discovery of new antitubercular agents.
The only FDA-approved TB drug since the 1960s has been recently announced, Bedaquiline Sirturo TM for the treatment of MDR-TB. 2 Sirturo specifically inhibits mycobacterial ATP (adenosine 5'-triphosphate) synthase, an enzyme that is essential for the final step in ATP production by oxidative phosphorylation. 3 Its associated risk of potentially lethal heart problems has emphasized the unmet and urgent need for the development of safer antitubercular drugs with novel targets and mechanisms of action to treat resistant forms of the disease.
One favorable mechanism for antitubercular agents is the inhibition of shikimate kinase (SK) in the shikimate pathway. The shikimate pathway is used in a variety of bacteria, including Mycobacterium tuberculosis, for the production of chorismate, a precursor for aromatic amino acids and other aromatic compounds. 4 Mammals do not have the shikimate pathway enzymes necessary for de novo synthesis of these amino acids but rather obtain them from the diet. 4 Consequently, inhibitors of SK are anticipated to be selective antitubercular drugs. SK is the fifth of seven enzymes involved in the shikimate pathway. SK is responsible for catalyzing phosphoryl transfer from ATP to shikimate to form shikimate-3-phosphate and ADP. M. tuberculosis shikimate kinase (MtSK) is encoded by aroK and is essential for the survival of M. tuberculosis.
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MtSK Structure and Substrate Binding Sites
MtSK belongs to the nucleoside monophosphate (NMP) kinase family. 6 The core of its structure ( Fig. 1 , PDB accession number 1ZYU, resolution 2.90 Å) is a five-stranded parallel β-sheet. 6 Consistent with other family members, MtSK has a lid (residues G112-D124) and NMP-binding domain (T33-E61). 6 The latter is a major contributor to shikimate binding in MtSK, and as such, is also referred to as the shikimate-binding domain. 6 In addition, there is the P-loop (also referred to as the Walker A-motif) (G9-S16). 7 This forms part of the binding site for ATP and ADP, 8 particularly by interaction with their β-and γ-phosphates, respectively. 6, 9 Additionally, ATP/ADP is associated with SK through the adenine-binding loop (V148-P155). Finally, there is the Walker-B motif (V75-G80), which lies near the interface between shikimate and ATP-binding sites. 7 Similar to other NMP kinases, MtSK undergoes a large conformational change upon substrate binding with the largest shifts in structure occurring in the shikimate-binding and lid domains. 6, 10 shikimate interacts with R58 and R136. 8 The 3-hydroxyl group interacts with D34 and G80, while the 2-hydroxyl group interacts with D34. 8 
Mg
2+ and ADP interact with residues in the P-loop, lid domain, and adenine-binding loop. Mg 2+ interacts with the β-phosphate oxygen of ADP, S16 (P-loop), and four water molecules. O1B (phosphate) binds S13, G14, and K15 (P-loop). O2B (phosphate) binds S16 (P-loop), and O3B (phosphate) binds G12 (P-loop) and R117 (lid domain). R117 also binds O1A. O2A binds S16 and T17. O3A binds G14, and N6 of adenine binds R153 within the adenine-binding loop. 7, 10 To date, 21 The shikimate-binding domain is made up of residues 33-61 and consists of α-helices α2 and α3 and the N-terminal region of α4 following strand β2. 7 The carboxyl group of found within the virtual screening strategy with larger EFs indicating a large number of active molecules. 17 Based on favorable MOLDOCK scores, those representing lower energy required for binding, 15 a total of 20 compounds were selected for further evaluation by FAF-Drugs 18 to determine which fit Lipinski's rule of five. 19 Of the 20 compounds, 9 fit the requirements, including staurosporine, a known cyclin-dependent kinase inhibitor. That a known kinase inhibitor was among the positive results of the screen validated the algorithm utilized; however, staurosporine was excluded from further analysis because its known toxicity precludes its use as an antitubercular agent. The remaining eight compounds (MOLDOCK scores ranging from -144.208 to -151.943) (Fig. 2) were evaluated further using the LIGPLOT program to determine the interactions occurring between the compounds and enzyme. 20 The top-scoring compound, ZINC15707201, formed hydrogen bonds with K15 (P-loop) and van der Waals interactions with S16 (P-loop), V116, and R117 (lid domain). The other top-scoring compounds also displayed interactions with these residues, suggesting that these residues will be important points of contact for potential MtSK inhibitors. 16 Using the same virtual screening protocol and ZINC database, 89,425 compounds were screened against the ZINC157201 (1) ZINC20462780 (2) ZINC15707234 (3) ZINC15707188 (5) ZINC22936889 (6) ZINC20464408 (7) ZINC22936937 ( A total of 17 compounds displayed inhibitory properties, with MOLDOCK scores ranging from -190.173 to -201.689. Of these 17 compounds, 5 complied with filters and measurements of the drug-likeness Lipinski's rule of five 19 and Veber rules, 21 indicating they would be orally bioavailable. An analysis of the pattern of hydrogen bonds in the docking results for SK at ATP-binding pocket of the inhibitors containing indole ring linked to a chromone ring by seven covalent bonds was carried out. This analysis indicated that residues G14, K15, and R117 participate in interactions with all this compound series. These residues show contacts with the PO 4 3-group present in ADP in the crystallographic structure 1WE2 of MtSK. Additionally, van der Waals interactions were noted, which involved I18 (P-loop) and R110 (N-terminal to the lid domain), as well as P155 and V158 (adenine-binding loop). The binding of all five top-scoring compounds to R110 and P155 suggests that these binding interactions are crucial for ligand-binding affinity. 22 In the crystallographic structure 1WE2 of MtSK, the hydrogen bond acceptor is the main chain carbonyl group of Arg 153 with compound ZINC02160785. Analogs of this compound can be synthesized by adding a group to participate in an intermolecular contact with Arg 154 to improve ligandbinding affinity (Fig. 3) .
Dipeptide inhibitor. Kumar et al. 23 identified the dipeptide + H 3 N-Arg-Asp-COO -(RD, compound 14) as a potential SK inhibitor because of its high-predicted binding affinity. Using the LigandFit 24 protocol as the molecular docking method, both the open-and closed-lid conformations of the enzyme were analyzed.
RD maintains hydrogen bonding with D34, R58 (NMPbinding domain), and R136, which was seen in the binding of SK. In the closed-lid conformation, RD interacted with K15, 18 by high-throughput virtual screening. Each compound was given a binding score through eHiTS software, which then allowed the compounds to be compared to control shikimate and control 6-S-fluoroshikimate, which had eHiTS scores of -4.260 and -4.268, respectively. A total of 644 molecules were determined to have eHiTS scores, which were more negative, meaning the compound had better binding affinity than the control compounds, with the best score being -7.252 for compound AsXE1. It was reported that the best scoring compounds contained a mercapto group and a triazole or tetrazole ring in the scaffold.
The relevant moieties, triazole and tetrazole, most likely interact with R58, L119, and R136 residues and mimic key interactions of the enzyme-substrate complex, specifically the interaction of these residues with the carboxyl group of shikimate. Two of the nitrogen atoms of the azole system were hydrogen bonded to R58 and R136 and the proximity of the L119 with the heteroaromatic ring, suggesting the possibility of stabilizing CH-electron interactions. 26 The mercapto group interacted with G80, R117, and L119 through hydrophobic forces and hydrogen bonds. The interaction with R117 is key for the phosphoryl transfer reaction catalyzed by MtSK. 26 Of the 644 molecules, the 200 top-scoring compounds were analyzed to determine the main interactions that were occurring between the compound and the binding site. Hydrophobic forces were seen with residues P11, K15
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Chemical structure of five compounds from ZINC database, which display inhibitory effects for MtsK.
(P-loop), D34, I45, F49, F57 (NMP-binding domain), G79, G80 (Walker-B motif), G81 (C-terminal to the Walker-B motif), V116, R117, P118, and L119 (lid domain). Additionally, hydrogen bonding with residues D34, R58 (NMP-binding domain), G80 (Walker-B motif), G81, V116, R117, L119 (lid domain), and R136 were observed (Table 3 ). (Table 4) with the best docking score being -6.174338 for compound SPB01099 versus -6.138796 for control shikimate. 28 Shikimic acid analogs. Using structural and molecular dynamics simulation studies, Blanco et al. 29 designed shikimic acid analogs that would bind to the shikimate binding site and determined experimental measurements of inhibition constants. Seven shikimic acid analogs (Fig. 4) were assayed and shown to be reversible competitive inhibitors and bind to the same binding site as shikimic acid. The K I values (Table 5) , obtained by Dixon plots (1/v vs [I]), ranged from 46 µM to .4000 µM with compound 660 being the most potent inhibitor.
The crystal structure of compound 662 interacting with MtSK and ADP was determined at 2.15 Å resolution and proved to bind in a similar manner as shikimic acid. Compound 662 binds to the same active site as shikimic acid via the formation of a salt-bridge between the carboxylate group and guanidinium group of R136. Additional hydrogen bonds are formed between the carboxylate group of D34 (NMP-binding domain) and C3 and C4 hydroxyl groups of compound 662. The C3 hydroxyl group forms an additional hydrogen bond with the amide nitrogen of G80 (Walker-B motif). Several bridging water molecules also have a role in the interaction between ligand and enzyme. The C4 hydroxyl group hydrogen bonds with the water molecules to form interactions with R58, E61 (NMP-binding domain), and G81. Additional bonds with bridging water molecules result in the interaction of K15 (P-loop) with C3 hydroxyl group.
Compounds 663-668 were analyzed by molecular dyna mics simulation studies using GOLD 5.0.1 30 to determine the resulting interactions. Compound 663, only differing from compound 662 by a reduction of the double bond, binds to the shikimate binding site in a similar manner as compound 662. It was concluded that the reduction of the double bond allows for more lipophilic interactions with R117 and P118 (lid), and the C3-C5 bridge located closer to these residues therefore decreases the flexibility of the lid domain. Additionally, the NMP-binding domain seemed to close effectively; this combined with the reduced flexibility of the lid domain may account for the higher K I seen with compound 663. Compounds 666 and 668 are both 3-aminoshikimic acids in which the cyclohexene ring binds similar to endogenous shikimate. Based on the presence of C3 amino groups, it was proposed that the amino group would interact with the γ-phosphate of ATP via electrostatic interactions. Owing to similar interactions between compounds 666 and 668 with the binding site, it is expected that their inhibitory effects will be similar.
Compound 665 is a hydroxyshikimic acid. The additional OH group at C6 causes changes in the water network and the recognition of the carboxylate group resulting in movement of α-helices α2 and α3. This results in decreased favorability of the closed shikimate binding domain, leading to lower inhibitory effects of compound 665.
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In vitro biological evaluation. Assays for known inhibitors staurosporine and pyrazolone analogs. Using an ultrafiltrationliquid chromatography/mass spectrometry (UF-LC/MS)-based MtSK binding assay and an LC/MS-based MtSK functional assay, Mulabagal and Calderón 31 evaluated four compounds for inhibition of MtSK. The former addresses ligand-enzyme binding affinity, and the latter assesses the amount of shikimate-3-phosphate (S3P) formed in the presence of shikimic acid, SK, and a given SK inhibitor. Compound 669, staurosporine, is a known competitive inhibitor of protein kinases acting as a competitive inhibitor of ATP. 32 Compounds 670-672 are pyrazolone analogs; pyrazolones and their analogs have previously been shown to be MtSK inhibitors. 33 The UF-LC/MS assay was used to measure the extent of MtSK binding when 1 µM enzyme and 1 µM inhibitor were incubated together. The binding affinities inferred from the data were 671 . 672 . 670 . 669. The LC/MS functional assay was then used to measure the extent of inhibition each compound displayed. The compounds were tested at varying (Fig. 5) . 31 The pyrazolone analogs displayed MtSK inhibition at IC 50 values lower than 1 µM. 31 Based on the structureactivity relationship in the series, the phenyl sulfonamide portion of the molecule is required for the activity, and a single substitution of a halogen at the Para position of the phenyl enhances the MtSK inhibition as for compound 671 (Fig. 6) .
Oxadiazole-amides and 2-aminobenzothiazoles. A total of 404 antitubercular compounds from the National Institute of Allergy and Infectious Diseases (NIAID) were tested in vitro using a LC/MS functional assay, of which 14 compounds displayed inhibition of MtSK by .90%. IC 50 values (Table 6) were determined for these 14 compounds with the lowest IC 50 = 1.94 ± 0.06 for compound 686.
In all, 10 of the 14 compounds, compounds 673-682, contain an oxadiazole-amide scaffold, while the remaining four compounds, compounds 683-686, contain a 2-aminobenzothiazole scaffold. Ligand docking, using Schrodinger software, was performed to determine the interactions between the different ligand scaffolds and the MtSK crystal structure (PDB code 2DFT, conformer B). Compounds containing the oxadiazole-amide structure interact with residues V35, R58 (NMP-binding domain), P118, and L119 (lid). Compounds containing the 2-aminobenzothiazole structure displays interactions with P11 (P-loop), V35, I37, I45, F57 (NMP-binding domain), and R136. All oxadiazole-amides and 2-aminobenzothiazoles in this series have H37Rv IC 90 values below 5 µg/mL and SI values well over the threshold of 10.
29 Based on molecular modeling described in Table 5 containing MtSK inhibitors, most compounds 675, 679, and 686 displayed IC 50 values of #5 µM. Compounds 675 and 679 contain the 2,5-disubstituted-1,3, 4-oxadiazole system. Both compounds contain, as required, structural features, a phenyl at the 5-position of the oxadiazole ring and at the other end, the carboxamide is linked to a substituted phenyl.
Compounds containing the oxadiazole-amide structure prefer the following interactions: R58 (NMP-binding domain), an essential shikimate contact residue that forms a positive charge -π interaction with the aromatic ring of the tetrahydronaphthaline of the compounds, and the rest of the ring structure forms non-polar interactions with P118 and L119 (lid). The oxadiazole ring is aligned for favorable polar interactions with guanidinium group in R117. According to the crystal structure, the amide linker participates in hydrogen bonding with water.
While oxadiazole-amide scaffolds have been well documented as having potent antibacterial activity, the benzothiazole cores have not been well represented in the antibacterial literature. They are more prevalent in kinase inhibitor literature, having been identified as inhibitors of kinases such as SHP-2 and JNK kinases. 34 The most active compound in this series, 686, contains a unique 6-methylthio-benzothiazole structure at R1/R2. 34 Compounds containing the 2-aminobenzothiazole structure display interactions as follows: the benzothiazole ring forms favorable aromatic-aromatic interactions with F57 (NMP-binding domain), which orients R3 in close proximity to the side chain of I45 and also provides non-polar interactions with I37. I45 and V35 form steric interactions with thiophene. The R2 group participates in favorable polar interactions with R136. (HpSK) inhibitors have been identified by high-throughput screening 36 as well as attempts to discover inhibitors of both shikimate dehydrogenase and SK in HpSK. 37 Six consensus anchors, statistically significant subsite-moiety interactions, were identified from the site-moiety maps of the proteins (Table 7) .
Following the identification of consensus anchors, the CoreSiMMap was used to screen inhibitors from the Maybridge and NCI databases. A total of 12 inhibitors were identified, 2 of which, AG538 and GW5074, were compounds derived from existing kinase inhibitors. Of the remaining 10 inhibitors, all showed IC 50 values #100 µM for both MtSK and HpSK with 6 of these inhibitors more active, displaying IC 50 values #10 µM ( Table 8 ). The six compounds with IC 50 values #10 µM were shown to fit into five of the six consensus anchors: H1, V1, H3, V2, and E1. of NSC45611, NSC162535, and NSC45612, the inter actions of these inhibitors were analyzed using GEMDOCK. 38 These three compounds fit well into the consensus anchors by having rings that could form van der Waals interactions at V1 (P11, G12, S13, G14, K15, S16 of P-loop, and R117 of lid domain) and V2 (D34 and F49 of NMP-binding domain, G79 and G80 of Walker-B motif, G81 COO -end of Walker-B motif, and R117 of lid domain) as well as having sulfonate groups to interact with H1 (G12, S13, G14, K15, S16 of P-loop, and R117 of lid domain). Additionally, these three inhibitors were able to form electrostatic interactions with R58 (NMP-binding domain), R117 (lid domain), and R136 residues in E1. 35 
chemical Features required for Selective Inhibitors
Inhibition of MtSK can be achieved by compounds that bind at either the shikimate binding site 16, 23, 26, 29, 31, 34 or ATP-binding site. 22, 35 The in silico and in vitro data collected infers that compounds with interactions with residues D34, R58 (NMP-binding domain), and R117 show inhibition of MtSK because of their similar interactions found with shikimate. 23, 26, 29, 34, 35 Additionally, in silico data showed top-scoring compounds interacted with residues K15, S16 (P-loop) and R117 (lid domain), 16 and R110 (N-terminal to lid domain) and P155 (adenine-binding loop), 22 which were determined to be key interactions between protein and ligand. The in vitro data show that V35 (NMP-binding domain), R117, and P118 (lid domain) may be important interactions. 29, 34 Structurally, inhibitors toward MtSK have differed. The shikimic acid analogs, being structurally similar to endogenous shikimate, bind similarly as shikimate; however, they do not allow for the transfer of phosphate from ATP to shikimate to form shikimate 3-phosphate. 29 Additional MtSK inhibitors presented have contained an indole ring linked to a chromene ring by seven covalent bonds, 22 
conclusion
The discovery of MtSK inhibitors offers potential for development of new antitubercular drugs that are selective for M. tuberculosis. Multiple SK inhibitors have been determined through the use of in silico virtual screening in which the docking score and interactions can be determined. These SK inhibitors bind to the same active site as shikimate through similar interactions. The development of an UF-LC/MS binding assay and an LC/MS functional assay has initiated in vitro studies; however, further in vivo assays and clinical studies will need to be conducted before an SK inhibitor is put on the market as an antitubercular agent.
